we propose a hysteretic model of hydraulic properties for dual-porosity soils based on the bimodal van genuchten model and Kool and parker (K&p) hysteresis model. Hysteresis is considered only in the first pore domain, affecting mainly higher water contents, while a nonhysteretic behavior is assumed in the second pore domain, affecting mainly lower water contents. the main drying and wetting curves are described with the same set of parameters except for a 1 , which is different for the drying and wetting curves. the scanning hysteresis loops in the first subregion are also described using the K&p model. the hysteretic water retention model agrees reasonably well with drying and wetting retention curves and scanning loops observed for andisols. although the corresponding unsaturated hydraulic conductivity, evaluated using the Mualem pore-size distribution model, as a function of the water content, K(q), is nonhysteretic for higher water contents, unrealistic hysteresis occurs in K(q) for lower water contents. to obtain an "almost" nonhysteretic K(q) function for the entire range of water contents, an additional constraint on the value of the a 1 parameter for K(q) is imposed, and a single value is used for both drying and wetting curves.
values of the unimodal VG model parameter a. The K&P model estimates drying and wetting scanning curves based on the scaling of the main drying and wetting curves, respectively. Because it is relatively flexible in describing hysteretic loops, the K&P model is widely used in numerical water flow simulation codes such as HYDRUS (Šimůnek et al., 2008b) , SWAP (Kroes et al., 2008) , and UNSAT-H (Fayer, 2000) , regardless of its simple assumptions and formulations. Minor modifications of the K&P model have been suggested by Lenhard et al. (1991) and Lenhard and Parker (1989) to eliminate the so-called "pumping, " or unclosed hysteretic loops, by keeping track of historical reversal points.
The objective of this study was to introduce hysteretic water retention into the bimodal VG model based on the K&P model. The applicability of the proposed hysteretic model is demonstrated using observed hysteretic water retention curves and scanning curves for an Andisol. The unsaturated conductivity function based on the Mualem (1976) model is discussed for the main wetting and drying retention curves. We propose an additional constraint for a nonhysteretic hydraulic conductivity function when expressed as a function of the water content.
MatErial and MEtHods observed Hysteretic water retention curves
Because of a well-developed and stable aggregate structure made up of noncrystalline minerals (e.g., allophane, imogolite, and ferrihydrite), Andisols exhibit unique physical properties such as a low bulk density, a high porosity, and a stepwise water retention curve reflecting inter-and intraaggregate pores (Miyamoto et al., 2003) . Hysteretic water retention curves were observed for an Andisol from an upland field at the National Institute of Vegetable and Tea Science in Mie, Japan, using a multistep outflow-inflow experiment. The soil, sieved through a 2-mm mesh, was packed in a 5-cm-depth and 5-cm-diameter soil column at a bulk density of 0.75 g cm −3 . A fritted glass filter of a 6-mm thickness was used at the bottom of the soil column. The bottom pressure head was controlled using a Marriotte bottle during sample wetting and by decreasing the position of a drip point during draining. A tensiometer was horizontally installed at the 2.5-cm depth. Cumulative water inflow and drainage were monitored by regularly weighing the soil column.
After saturating the soil with a Marriotte bottle supply, the bottom pressure head was gradually decreased to −80.5 cm to obtain the main drying retention curve. After switching back to the Marriotte bottle supply, the main wetting retention curve was monitored by increasing the bottom pressure head to saturation. Draining and wetting processes were subsequently repeated in the intermediate pressure head range to obtain drying and wetting scanning curves. The average water contents of the soil column were determined based on the cumulative inflow and drainage and the final water content at the end of the experiment. Hysteretic water retention curves were obtained from the average water contents and the corresponding tensiometer readings. Figure 1 shows the collected hysteretic water retention curves as well as their fit using the hysteretic model described below.
Hysteretic Model dual-porosity Hydraulic Functions
The dual-porosity retention function introduced by Durner (1992 Durner ( , 1994 ) is expressed as a linear superposition of the unimodal VG model for each subregion:
in which S i is given by ( ) where the subscript i represents the subregion (i = 1 or 2), S is the effective saturation (dimensionless), h is the soil water pressure head [L] , q s and q r are the saturated and residual water con-
, and m i (= 1 − 1/n i ) are shape parameters subject to a i > 0 and n i > 1, and w 1 and w 2 are weighting factors subject to 0 < w i < 1 and w 1 + w 2 = 1. In the following discussion, S 1 , subject to a 1 > a 2 , corresponds with the first part of q(h) in the higher water content range, while S 2 corresponds with the second part of q(h) in the lower water content range. In the case of w 2 = 0, Eq.
[1] is reduced to the unimodal VG model. A closed-form expression of the unsaturated hydraulic conductivity function for the dualporosity retention function Eq.
[1] based on the Mualem (1976) model was given by Priesack and Durner (2006) : 
where K s is the saturated hydraulic conductivity [L T −1 ] and  is a pore-connectivity coefficient (dimensionless). Hereafter, the dual-porosity hydraulic functions of Eq. [1-3] are referred to as the bimodal VG model.
Hysteretic retention Functions
the total water content in Eq.
[1] can be simply expressed as a sum of three components:
Because q s1 − q r1 = (q s − q r )w 1 and q s2 − q r2 = (q s − q r )w 2 for h = 0 in Eq.
[4], the effective saturation of the ith subregion can be defined similarly to Eq. [1]:
Because q r is independently defined, in addition to the water contents of the subregions in Eq.
[5], q ri is assumed to be zero in this study. Because Fig. 1 shows that hysteresis may occur only in the first, high-saturation part of the dual-porosity retention function, we apply the K&P model (Kool and Parker, 1987) to q 1 (h) while assuming nonhysteretic q 2 (h). The main hysteretic loop is described with a 1 d for the main drying curve, q 1 d (h), and a 1 w for the main wetting curve, q 1 w (h). The remaining parameters (q s , q r , n 1 , w 2 , a 2 , and n 2 ) are the same for both curves.
scanning retention curves
The K&P model is also applied to q 1 (h) to describe the scanning curves of q(h). Drying scanning curves are scaled using the main drying curve, q 1 d (h), and can be expressed as (Šimůnek et al., 2008a) ( ) ( )
where a q1 is the scaling factor for the drying scanning curve passing through the latest reversal point (q D1 , h D ) from wetting to drying. The scaling factor a q1 is obtained by substituting (
Note that we keep a nonzero q r1 in the above scaling Eq. [7] [8] despite assuming q r1 = 0. This is because a similar scaling procedure for wetting scanning curves based on the main wetting curve is used, as shown below. The scaling procedure results in a fictitious value of the parameter q s1 *, which can be obtained by substituting the full saturation point (q s1 , 0) into Eq.
[7] (Šimůnek et al., 2008a; Kool and Parker, 1987) :
Note that an identical drying scanning curve as in Eq. [7] can be derived by replacing q s1 with q s1 * in the main drying curve described with Eq.
[2] and [6] (Kool and Parker, 1987) . Because the main hysteresis loop is closed at saturation, q s1 d and q s1 w are equal to q s1 . Similarly, wetting scanning curves are scaled using the main wetting curve, q 1 w (h), and can be described as
where q r1 * is the fictitious residual water content and a q1 is the scaling factor for a particular wetting scanning curve. Substituting the reversal point (q D1 , h D ) and the full saturation point (q s1 , 0) into Eq.
[10] leads to ( )
Subtracting Eq.
[12] from Eq.
[11] results in ( )
The fictitious residual water content, q r1 *, can be obtained by substituting Eq. [13] into Eq. [12] (Šimůnek et al., 2008a; Kool and Parker, 1987) :
Note again that a wetting scanning curve identical to that derived using Eq.
[10] can be also derived by replacing q r1 with q r1 * in the main wetting curve described with Eq.
[2] and [6] (Kool and Parker, 1987) . Also note that it is possible to formulate the scanning curve model to describe unclosed hysteretic loops, as done for the unimodal VG model by Lenhard et al. (1991) and Lenhard and Parker (1989) .
rEsults and discussion

Main wetting and drying Branches of Hysteretic retention curves
Figures 1a and 1b show the observed hysteretic water retention curves on a logarithmic scale for −10 −1 > h > −10 5 cm and on a linear scale for 0 > h > −20 cm, respectively. Drying retention data measured with a pressure plate for −100 > h > −1000 cm and a dewpoint potentiometer (WP4, Decagon Devices) for h < −1000 cm are also plotted in Fig. 1a . The wetting curve data range between a pressure head of −76 cm and saturation. Because the drying and wetting curves practically merged for pressure heads below h = −20 cm (Fig. 1b) , we assume that the observed retention curves can represent both the main drying and wetting curves, confirming our assumption made above that the distinct hysteretic behavior occurs only in the first part of the retention curve near saturation.
To test the hysteretic model, all data from the main drying and wetting curves including data for h < −100 cm in Fig. 1a were fitted simultaneously by minimizing the root mean square error between the fitted and observed data sets (RMSEq) using the Solver add-in in Microsoft Excel. The parameters q s , a 1 d , a 1 w , n 1 , w 2 , a 2 , and n 2 were optimized assuming q r = 0 for the sake of simplicity (Durner, 1994) . Figures 1a and 1b also show the main drying and wetting curves using optimized parameter values listed in Table 1 . Because the water retention curve exhibits a distinct air entry near saturation with a steep gradient of dq/dh, n 1 is quite large (= 2.8); however, the fitted drying curve underestimates and the fitted wetting curve overestimates the experimental retention data near saturation because n 1 is identical for both curves. While the fitted main loop closes at around h = −100 cm, the observed loop closes at around h = −20 cm. This disagreement comes from fitting for the entire pressure head range (Fig. 1a) . Although certain discrepancies still exist at the beginning and end of the loop, the hysteretic water retention model can describe reasonably well both the drying and wetting retention curves as a whole for Andisols. Figures 2a and 2b show the main hysteretic loop for two hypothetical soils having different n 1 values. Drying and wetting processes are indicated by the direction of the arrows. Parameters for both hypothetical soils are given in Table 1 . The gradient of the water content decrease close to saturation is steeper for n 1 = 2.56, representing a narrower pore-size distribution. On the table 1. parameter values of the hysteretic bimodal van genuchten model for two types of hypothetical soils having different n 1 values, and fitted parameter values for observed main drying and wetting retention curves for the Mie andisol, including residual and saturated water contents (q r and q s , respectively), van genuchten shape parameters (a d for the drying cycle, a w for the wetting cycle, and n), and a weighting factor (w) for the two subregions (subscripts 1 and 2). other hand, n 1 = 1.2, reflecting a wider pore-size distribution, results in a smaller gradient. For n 1 = 2.56, hysteresis appears only in q(h) near saturation because q 1 (h) approaches zero for h < −100 cm (Fig. 2a) . As in the case of the unimodal VG model, the larger n 1 results in a greater dq/dh gradient near saturation and a distinct air entry. Note that the gradient of the first part of q d (h) is the same as for q w (h) because n 1 is identical for both curves. For n 1 = 1.2, hysteresis also occurs at lower pressure heads, extending even to the second section of q(h) because q 1 (h) decreases gradually with decreasing pressure head, as shown in Fig. 2b . The difference between q d (h) and q w (h) at a certain pressure head, h, is larger for the soil with n 1 = 2.56 than for the soil with n 1 = 1.2. Figure 3 presents observed and predicted scanning wetting and drying curves for Andisol. A reversal point for the drying scanning curve in Fig. 3a is (−3.4 cm, 0 .485 m 3 m −3 ), while a reversal point for the wetting scanning curve in Fig. 3b is (−10.3 cm, 0.408 m 3 m −3 ). A good agreement between the observed and predicted scanning curves can be found especially for the wetting scanning curve (Fig. 3b) . Figure 4 presents the unsaturated hydraulic conductivity, K (dashed lines), as a function of the pressure head, h, and water content, q, derived from the main drying and wetting water retention curves using Eq. [3] . Parameter values are K s = 1000 cm d −1 and  = 0.5, while the remaining parameters are the same as in the water retention curves in Fig. 2 . For both soils, the drying K d (h) function is larger than the wetting K w (h) function for the entire range of h. On the other hand, the K d (q) and K w (q) functions are almost identical for high water contents (q > 0.3 for n 1 = 2.56 and q > 0.36 for n 1 = 1.2); however, K d (q) is larger than K w (q) for low water contents in both soils.
scanning retention curves
unsaturated Hydraulic conductivity
For high water contents, because S 2 is close to 1 and a 1 is significantly greater than a 2 ( 
Hence, K as a function of q is almost identical for higher water contents, regardless of the a 1 value. (van Genuchten, 1980) . The unsaturated hydraulic conductivity is generally assumed to be nonhysteretic when expressed as a function of the water content (van Genuchten, 1980; Mualem, 1986; Plagge et al., 2006) . When the K&P model for the unimodal VG model is used, nonhysteretic K(q) is obtained using the same n value for both wetting and drying curves (Kool and Parker, 1987) . Because K(q) is a function of a 1 for the bimodal VG model, as shown in Eq. [16] , it is possible to obtain a nonhysteretic K(q) function if an additional constraint in terms of a1 in Eq. [3] is imposed. In this study, a single value of a 1 K is used for both K d (q) and K w (q), while using a 1 d for q d (h) and a 1 w for q w (h).
We demonstrate the effects of this additional constraint on the K d and K w curves in Fig. 4 . For example, the a 1 K value is defined here as an average value of a 1 d and a 1 w on a logarithmic scale, i.e., log a 1 K = (log a 1 d + log a 1 w )/2. As shown in Fig. 4a and 4c for both soils (solid lines), K d (h) is larger than K w (h) for higher pressure heads, whereas K d (h) and K w (h) are almost identical for lower pressure heads. This additional constraint in terms of the a 1 K value resulted in an almost nonhysteretic K(q) function across the entire range of water contents, as shown in Fig.  4b and 4d. Although in Fig. 4 
conclusions
We proposed here a hysteretic model of soil hydraulic properties for dual-porosity soils. The model is based on a bimodal VG model (Durner, 1994) and the K&P hysteresis model (Kool and Parker, 1987) . Hysteresis is considered only in the first subregion, q 1 (h), affecting mainly higher water contents, while a nonhysteretic behavior is assumed in the second subregion, q 2 (h), affecting mainly lower water contents. The main hysteretic loop is described with a 1 d for the main drying curve, q 1 d (h), and a 1 w (>a 1 d ) for the main wetting curve, q 1 w (h). The remaining parameter values are the same for the main drying and wetting curves. For soils with a larger n 1 (e.g., n 1 = 2.56), hysteresis affects mainly the first part of the retention curve q(h) near saturation. On the other hand, for soils with a smaller n 1 (e.g., n 1 = 1.2), some hysteresis extends from full saturation to lower pressure heads, also affecting the second part of the retention curve q(h). Scanning curves of q(h) can also be successfully described using the K&P model in the first subregion of q 1 (h). The observed main hysteretic loop and scanning curves for Andisol aggregates could be reasonably well described using this proposed hysteretic model. The drying and wetting unsaturated hydraulic conductivity functions K d (q) and K w (q), respectively, are almost identical for higher water contents; however, K d (q) is greater than K w (q) for lower water contents. To overcome this unrealistic phenomenon in the conductivity function, we use an additional constraint on the value of the a 1 parameter and use a single value a 1 K for both drying and wetting functions. As a result, an almost nonhysteretic K(q) function is obtained for the entire range of water contents. It is necessary to experimentally investigate K(q) for low water contents to determine the a 1 K value.
